The autonomous movement of plant stems or bulbs down into the soil occurs through the contraction of roots. This type of movement was first noted by Theophrastus (%300 BCE) and was described more recently by Tittmann (1819) in roots of Daucus carota L. Contractile roots (CR) were first seriously studied by De Vries (1880) and Rimbach (1898 Rimbach ( , 1926 and reviewed by Galil (1980) . They have been reported to occur in >400 species of both monocotyledonous and dicotyledonous supertending organs, such as bulbs, corms, hypocotyls, (e.g., De Vries, 1880; Galil, 1980; Rimbach, 1902 Rimbach, , 1926 . Contractile roots pull these organs down through the substratum until they reach a location that is presumed to be advantageous in terms of insulation from hostile surface environments. Contractile roots also may pull bulblets away from the bulb scale, providing the benefit of dispersal.
In some species, the movement of the bulb into the substrate diminishes at greater depth. The sensing of depth has been suggested to occur by light reaching either the bulb or the leaf that arises from the bulb (Iziro, 1983; Putz, 1996a; Putz et al., 1997; Rimbach, 1898) . Temperature cycling also may enhance root contraction in some species (Halevy, 1986; Iziro, 1983; Iziro and Hori, 1983a; Jacoby and Halevy, 1970; Putz, 1996b) .
Among the types of plant movement, the contractile movement of roots in causing underground movement of plant parts is a novel observation, although it has been noted in >400 species. The paucity of attention given to contractile movement (Leopold and Jaffe, 2000) makes it an appealing subject for study. Herein we describe some physiological and structural factors that contribute to the contraction of CR in Easter lily: the cellular modifications involved in the contraction and the stimulation of contraction by light.
Materials and Methods
PLANT MATERIAL. Experimental material involved bulbs of 'Nellie White' Easter lily. Scales from 1-year-old, previously vernalized, mature bulbs were removed sequentially and layered horizontally, with the adaxial side down, on mediumgrade vermiculite. After 6-8 weeks, the scales formed bulblets, and the bulblets generated roots (Fig. 1C) . The appearance of a bulblet with a single CR is shown at the right in Fig. 1A . Both nutrient (noncontractile roots) and CR were formed, with the CR predominating.
The bulblets were separated from the scales, and any leaflets were removed, leaving a bulblet-root unit as shown in Fig. 1A . Most experiments were done with the bulblet-root unit planted in wet medium-grade vermiculite. For studies of the dynamics of the root development, individual bulblet-root units were mounted on discs of insulation material, with the roots protruding downward through holes, and floated on water where the root development could be monitored. Light was provided by six 40-W fluorescent lamps. Irradiance was 100 mmolÁm -2 Ás -1 . Root contraction begins at the base of the root, where it is attached to the bulblet. During contraction, the epidermal cells do not shorten as the cortical cells do, and consequently contraction produces wrinkling of the outer layers of the root (Fig. 1B) . As the root contracts, the wrinkling advances down the shank of the root, providing an easily measured signal of the progress of contraction. Contraction was measured using the CR stage (defined below), the change in root length, as well as by the extent of wrinkle formation per centimeter. The progressive changes are defined as six successive stages: Stage I, elongating roots show no swelling or wrinkling; Stage II, roots show swelling but no wrinkling; Stage III, roots with continued swelling and the first detectable wrinkling (1-3 wrinkles/cm); Stage IV, roots fully swollen and contracted (>3 wrinkles/cm); Stage V, roots showing early stages of senescence (yellowing color, lessening turgor, and collapse of wrinkles); Stage VI, cortex becomes hollow and the root dies.
ORGAN AND TISSUE PARTICIPATION IN ROOT CONTRACTION. For the time course of contraction, the root length was measured at 3-d intervals. When contraction wrinkles were first observed, the previous 3-d measurement was called day zero, and contraction was followed as change in overall length of the root during the subsequent 15 d. In experiments on the locus of the contraction signal, either the bulblet or the 2-mm root tip was excised with a scalpel, and contraction was compared with non-excised controls. To control for possible gravitational effects, excised roots were held vertically in tap water or laid horizontally in tap water. To determine the linear amount of wrinkling, the photo-image of the root was enlarged and printed out. A map distance reader was run over the edges of the convolutions to determine the total length of the edge within 1 cm of root length.
For measurements of the relation of contraction to cell dimensions, hand-cut cross-or longitudinal sections were immersed in 1% sodium hypochlorite (to remove cell contents), rinsed 3· with distilled water, washed in 1% acetic acid, and mounted in water for observation at 10· magnification (Gray, 1958) . Dimensions (length · width · breadth) of endodermal, inner, middle, and outer cortical parenchyma, exodermal and epidermal cells were measured from video micrographic images. At least 20 cells for measured for each tissue. Within the stele, the helices of the xylem wall thickenings were counted (turns/50 mm). Toward the end of the life cycle of a CR, cortical cells undergo autolysis, leaving air spaces. When these occurred, the volumes of the air spaces were estimated by measuring the length · width · breadth of the spaces. Cell volumes were estimated by assuming a cylindrical cell shape using Eq. [1].
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where R is the radial diameter, T the tangential diameter, and L the longitudinal length of the cell.
DEPTH PERCEPTION. We examined the CR performance as a function of planting depth, using inverted 2-L plastic soft-drink bottles (30 cm tall, 10 cm in diameter) with the flat bottom removed. The mouth of the bottle was covered with cheesecloth, and the sides were wrapped in aluminum foil to prevent light root tip removed (-tip), root severed from the bulblet (-bulblet), and root and held in horizontal position. Excision of the root tip did not prevent root contraction, severance from the bulblet prevented contraction, and isolated roots were unaffected by a horizontal orientation. At day 12, the differences between controls and severed root treatments were significant by t test at P # 0.03. 
Ás
-1 beneath 1 cm of wet vermiculite, using a quantum radiometer (model LI-185A; LI-COR Biosciences, Lincoln, NE). The radiometer registered no measurable irradiance reaching the scales at other lower depths. The containers were subirrigated with tap water three times per week. After 3 months, the rooted bulblets were recovered and root measurements made. The planting depth experiment was replicated three times.
EFFECT OF LIGHT ON CONTRACTION. To study the light effects on contraction, scales were planted 1 cm below the surface of medium vermiculite in pots, four pots were placed in a greenhouse [25°C, 64% relative humidity (RH)] and another four in the darkroom (23.5°C, 61% RH). The plants in the darkroom were watered in the dark under a green safelight. After 3 months, the scales were removed and data recorded on the bulblet sizes, lengths of roots and leaflets, as well as the amount of contraction (wrinkles/cm).
In an additional experiment, the dynamics of root contraction was measured after various periods before and after transfer to light, starting at various stages of CR development. Bulblets on circles of insulation material were placed on floating disks with roots in tap water, as described above. These were held in the dark for 20 d, and measurements were taken every 4 d in dim green safe light. On day 20, half of the jars were placed in the light (100 mmolÁm -2 -1 ) and measurements taken every 2 d for 10 d or until the completion of the root's life cycle. The measurements included root length, number of wrinkles per basal centimeter of the roots, and CR stage. Seven to nine roots were studied at each starting stage (Stage I, II, III, or IV). The experiment was performed in triplicate.
We estimated the effects of light quality on contractility using light filters. Bulblet-root units were floated on water, in chambers were irradiated continuously by light of various colors: ultraviolet A (UV-A), blue, green, red, or far-red using broad-band filters (Carolina Biological Supply Co., Burlington, NC). UV-A irradiance at 365 nm, was provided by a lamp (model ENF-280C; Spectroline Co., Westbury, NY). The transmission spectra of the filters peaked at 450, 520, 660, and 750 nm, respectively, with bandwidths at half-height averaging 30 nm. The radiant fluxes at the bulblet levels were 0.17 mm o l Ám -2 Ás -1 f o r U V -A ; 0 . 2 5 mmolÁm -2 Ás -1 for blue and far red; and 0.76 mmolÁm -2 Ás -1 green and red. A higher fluence rate of UV-A killed the roots.
To determine the duration of light needed to induce contractility, similar preparations were incubated in the chamber under the blue filter for different photoperiods, using a compact fluorescent lamp (model 29105, Soft White Deluxe; Sylvania); irradiance at the bulblet = 0.1 mmolÁm -2 Ás -1 . Changes in both contractile stages and amount of wrinkles/cm were measured. The experiment was replicated 3 times.
Results
The use of rooted bulb scales of Easter lily provided uniform clonal vegetative propagules for the study of root contraction. Individual scales formed bulblets from which roots emerged after 8-10 weeks. Both nutrient and CR developed, with the CR predominating.
The downward movement of a bulb is produced by the combined contraction of multiple CR. Table 1 shows the progression of contraction stages. As one root may be starting to contract, others are contracting and collectively pulling the bulblet down.
ORGAN AND TISSUE PARTICIPATION IN CONTRACTION. The progress of contraction in individual roots was followed as the changes in growth from elongation into contraction over a 15-d period as shown in Fig. 2A . Root length increased during the 9 d before contraction, and then contracted over a subsequent 15 d, during which total contraction of >4 mm was achieved. This is a contraction rate of 0.27 mmÁd -1 . To determine whether the contraction signal originated from the root, root tip, or bulblet, an experiment was carried out (Fig.  2B ) using roots from which the tip 2 mm had been removed or the bulblet had been removed. Tip removal did not hinder contraction, but removal from the bulblet essentially prevented contraction. The similar lack of contraction when the roots were held in a vertical or horizontal orientation suggests no involvement of gravity. The data suggest that the signal for contraction is not generated from the root itself or the root tip, but the contraction signal comes from the bulblet (or its supertending leaflet).
Changes in cell dimensions are involved in root contraction as shown in Fig. 3 . The data show longitudinal shortening of cells, concentrated in the cortical cells as contraction proceeds from Stage I and II to Stage V and VI (Fig. 3, lower right) . Cell shortening was especially evident in the outer layers of cortical cells (Crtx-2 and Crtx-3). This was associated with increases in both radial and transverse dimensions (Fig. 3 , upper left and right). These changes collectively resulted in increases in cell volume from Stage I to IV (Fig. 3, lower left) , particularly in the outer cortical cells (Crtx-2 and Crtx-3). It seems evident that the swelling and shortening of cortical cells (Crtx-2 and Crtx-3) cause contraction of the root.
Because the ''skin'' of the root (composed of the epidermal and exodermal cells) can apparently neither swell nor shorten, the outer region is forced to become wrinkled as contraction proceeds. The cells of the stele apparently shorten by longitudinal compression of their cell walls, as evident from counts of the helices in xylem wall thickenings, which reveal increases from 12.2 ± 0.8 turns/50 mm in Stage I and II to 20.8 ± 1.3 turns/ 50 mm in Stage III and IV. Therefore, root contraction imposes a major compaction of the stele. After contraction, the cortical cells begin to die (Stages V and VI), resulting in the appearance of air spaces.
By measuring the convolutions of the wrinkled surface from video images of longitudinal sections, we determined that, at the base of Stage III roots just beginning to contract, a 0.57 ± 0.03-mm stretch of ''skin'' shortens to 0.43 ± 0.02 mm, so that each wrinkle represents a shortening of 25%. In Stage IV roots, a 0.55 ± 0.04-mm stretch of ''skin'' shortens to 0.26 ± 0.03 mm at each wrinkle. At this stage, then, each wrinkle represents a cell shortening of >50%.
DEPTH PERCEPTION. When Easter lily scales were planted in vermiculite at various depths (from 1 to 15 cm), the actual movement of the bulblet was inverse to the planting depth ( Fig.  4 ; Table 2 ). The deeper the scales were planted, the less was the downward movement of the developing bulblets, until at a 9.1 ± 0.4 7.5 ± 0.7 6.7 ± 1.0 7.5 ± 1.6 +0.735 Wrinkles (no./cm) 9.0 ± 2.0 6.2 ± 1.0 5.6 ± 1.0 3.8 ± 0.9 -0.959 z Scales were planted for 3 mo.; in each case, the correlation coefficient (r 2 ) is determined against the planting depth. *Significant at P # 0.05 by t test. depth of 15 cm there was essentially no downward movement. As might be expected, the distance that the bulblets were pulled down was positively correlated with the number of CR per bulblet (Table 2) . At increasing depths of planting, the bulblet weight was increased as well (Table 2) , and there was an increasing growth of etiolated leaflet (Table 2) .
There were more secondary roots produced by CR than by nutrient roots, but planting depth had little effect on nutrient roots. At all depths, the CR were thicker than the nutrient roots (data not shown).
The shallowest bulblets produced CR promptly, while those at deeper planting took longer and CR were less abundant (Table 2 ). Both CR production and its contractile function were decreased at greater depths. Both the length of the wrinkled part of the root and the frequency of wrinkles are negatively correlated with depth of planting ( Table 2 ). Thus movement of the bulb and the forces of root contraction decline at increasing depths.
THE ROLE OF LIGHT. The association of root contraction with depth of planting suggests a role for light in signaling the contractile process. When scales were kept in the dark, they underwent some autolysis, but they developed little or no contraction (Table 3 ). The size of the bulblets was not altered by light, but the nutrient roots (nonCR) were longer under light. There was no downward movement of the bulblets in the dark.
In another effort to study the role of light perception, the bulblets of bulblet-root units preparations were covered with aluminum foil and the preparations were floated on water for 12 d. Exclusion of light from the bulblet by aluminum foil prevented subsequent root contraction (Fig. 5) . Bulblets kept in the light (without foil) showed contraction, whether estimated as changes in the CR stage (Fig. 5A) or measured by the number of wrinkles (Fig. 5B) .
To further examine the role of light, bulblets with CR at different stages were held in the dark for 20 d and then transferred to the light at different stages (Fig. 6) . In all cases, there was hardly any contraction in the dark and steady root contraction in the light. As soon as the Stage II and III plants were placed in the light, the roots started to contract, but the Stage I plant roots did not. This light effect was very weak in Stage IV roots because most of the contraction had already occurred when the experiment started.
Another aspect of the light control could involve the photoperiod. Bulblets were illuminated with photoperiods ranging from 1 to 24 hÁd -1 , for 6 d. The data in Fig. 7 show a linear increase in root contraction with the daily light period, whether measured as the advance in stage or as wrinkle density.
The effectiveness of light in stimulating root contraction raises a question about the nature of the light receptor. Initial experiments addressing this question were carried out with continuous light of different wavelength regions for 8 d. The 11.5 ± 0.9 7.8 ± 1.9 Depth of bulblet movement (cm) 2.3 ± 0.2 0.0 ± 0.1 Bulblets (no./container) 28 ± 3 19 ± 1 Bulblet width (mm) 12.5 ± 0.9 12.2 ± 0.2 Leaflets (no./bulblet) 0.6 ± 0.3 0.0 ± 0.0 Roots (no./bulblet) 2.2 ± 0.1 1.0 ± 0.04 Root length (mm) 67 ± 4 31 ± 6 Wrinkled region (mm) 11.1 ± 0.9 0.3 ± 0.1 Contraction (wrinkles/cm) 14.0 ± 0.3 0.3 ± 0.1 Contractile stage of roots (mode) IV I z Bulb scales were planted in vermiculite, 1 cm below the surface, 12 scales in each 17.8-cm diameter pot, four pots/treatment. Scales, leaves, bulblets, and roots were measured after 3 mo. in greenhouse versus darkroom. advancement of root contraction under five different light regimes is given in Fig. 8 . Under exposure to blue light, contraction had advanced to Stage 1.9, whereas under ultraviolet, green, red, or far-red light, contraction proceeded to less than Stage 1 (i.e., Stage 0.5). While there were differences in fluence rate for the various filters, blue light was markedly more active in stimulating root contraction than the other spectral regions.
Discussion
The downward movement of the bulblets of Easter lily occurs as a function of the action of CR. Root contraction involves changes in cellular configuration in the cortical tissue, with a shortening of the initially linear cortical cells to a wider and shorter configuration. Shortening could possibly be initiated by swelling. The root shortening is triggered by a perception of light. The sensing of the light regulatory action occurs not in the contractile root, but in the bulblet or, possibly, by an emerging leaflet arising from the bulblet. In either event, the light effect is favored by blue light. Roots severed from the bulb will not become contractile (Fig. 2) , and light applied only to the root is ineffective. If the bulblets are kept in a darkroom, contraction does not occur, and continuous darkness for about 3 weeks depletes the ability of the bulblet to contract in response to light.
The contractile action is lessened when bulblets are held in increasing depths in the soil medium. Whether this responsiveness to depth is prompted by a light gradient down through the medium seems challenging. However, there are precedents of light-regulated events claimed to occur at similar soil depths (Wesson and Waring, 1969) . Measurable light penetration through soil has indicated a maximum penetration of 1 cm (Barnett and McGilvary, 1997; Mandoli et al., 1990; Tester and Morris, 1987) .
The sensing of the signal for root contraction is at present unclear. In some bulbous species, light has been shown to be perceived by the leaflet base, as in Oxalis bowieana Lodd. (Iziro and Hori, 1983) , Sauromatum guttatum Well. (Putz et al., 1997) , and Narcissus tazetta L. and Nothoscordum inodorum Kunth. (Putz, 1996b) . Contractility in Leopoldia maritima L. is triggered by temperature cycling in the soil (Galil, 1958) . In Hemerocallis fulva L., contractility has been claimed to occur as a component of growth (Putz, 1998) . Interestingly, in this latter instance, roots can either pull the tuber down or they can push the tuber upward in the event that it is located too far down in the soil.
Contraction in Easter lily roots occurs in response to total daylength rather than in response to cyclic periods, as in Gladiolus L. (Jacoby and Halevy, 1970) .
As a preliminary effort to identify the photoreceptor, the use of different light qualities indicates that contraction is especially responsive to blue light, suggestive of the blue-light reactions of Briggs and Huala (1999) . This contrasts with that in Gladiolus, which responds only to high-fluence red light (Jacoby and Halevy, 1970) .
Although we do not see a role for the root cap in Easter lily contraction, the root cap can signal a decrease in root elongation in pea (Pisum sativum L.) and maize (Zea mays L.) (Eliasson and Bollmark, 1988; Torrey, 1952; Wilkins and Wain, 1974) . It may be noted that in pea tendrils, blue light also induces ventral cell contraction, which is an initial component of response to mechanical perturbation (Shotwell and Jaffe, 1979) .
If the Easter lily bulblet has not yet reached the optimum depth, new CR are formed and extend the movement (Table 1) . There appears to be a continuous cycling of CR until the bulblet reaches a given depth in the soil. The involvement of multiple roots is quite different from the CR seen in Gladiolus, which has only one CR whose diameter is larger than the geophyte (Halevy, 1986) . As the Easter lily CR reaches its maximum contraction, it undergoes autolysis via the programmed cell death of the cortex. We suggest that both the swelling and later cell death of the cortex cells may be triggered by ethylene, which has been shown to cause both types of effects in some other species (Baskin and Bivens, 1995; Drew et al., 1979) . The amount of contraction can be considerable. In the basal, contracting portion of the root, the length can be reduced to 0.45 times its original length (see Results, above). In roots from scales planted 1 cm below the surface, the contracted (wrinkled) length of the root base was 9.1 ± 0.4 mm. Thus, by calculation, the bulblet should have been pulled down at %11.3 ± 0.6 mm (20.4 to 9.1 mm). This amount is not greatly different from the observed descent of 9.3 ± 0.6 mm (Fig. 4) . Consecutive arrays of CR (Table  1) can move the bulb as much as 10 or 15 cm down into the soil.
Bulb movement into various depths of the soil has been reported as ca. 15 cm in Crocus sativus L. (Negbi et al., 1989) , %23 cm or more in Leontice leontopetalum L., Bongardia chrysogonum Mirb., and Astoma sesilifoluim Burchell (Halevy, 1986) .
The dramatic change in cell form during root contraction was suggested by DeVries (1880) to be due to a change in the synthesis of new cell walls. Smith-Huerta and Jernstedt (1989) and Smith-Huerta (1990) showed that in hyacinth (Hyacinthus orientalis L.) there are changes in the orientation of cell wall microfibrils with contraction, and that the microtubules change as well. The swelling of cells can occur in response to ethylene (Apelbaum and Berg, 1971; Lang et al., 1982) .
The contraction of Easter lily roots is preceded by a swelling of the cortical cells of the root, not concomitant with it, as has been noted in other species (Esau, 1965; Putz, 1996a Putz, , 1996b . There is an early disappearance of nuclei in the cortical cells (data not shown). As the CR has finished contracting, lacunae become visible, until the root ultimately becomes a brownish dead sack composed of the epidermis and the exodermis containing the stele cylinder.
The question of how the bulblet determines its optimal depth is not answered. Because a light gradient seems unlikely, another explanation is needed. It is possible the etiolated elongating leaflet is involved in depth perception. Thus, the amount of donation of resources to leaflet growth by the bulblet (Iziro and Hori, 1983b ) may participate in regulation of the depth to which the bulblet is pulled down, as suggested by Rimbach (1898) .
In summation, the movement of underground parts in Easter lily appears to be driven by contractile growth in specialized roots. This is structurally achieved by changes in cell shape, perhaps with associated changes in hydraulics. This type of contraction contrasts with animal systems where movement generally involves contractile proteins. We also find it intriguing that, of the several species in which bulb movement has been studied, there is a remarkable range of physiological signals that can be employed to accomplish the same end: formation and function of CR. 
